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31. 


The  pareunagnetic  shift  euid  linewidth  of  the  P NMR 
have  been  measured  for  three  magnetic  polymers 
Co[0P(C^Hg) 2O] 2»  Cr[OP(CH2)  (CgHg)O]  2OH,  andCr[OP(CH2)- 
(CgHg)O]  2[0P(CqHj^.^)  2O]  for  77K  < T<  300  K.  Analysis  of  the 
paramagnetic  shift  as  a function  of  the  static  magnetic  sus- 
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ceptibility  yields  a value  for  the  hyperflne  coupling 

-4  -1 

constant  A 4 x 10  cm  , Previously  measured  and  calcu- 
lated hyperflne  constants  for  an  electron  in  the  3s  and  3p 
orbitals  are  used  to  show  the  paramagnetic  shift  is  due 
mainly  to  transferred  magnetic  spin  density  in  the 

phospho3Tus  3s  orbital.  The  linewidths  of  these  materials 
are  approximately  10  Oe  at  room  temperature  eind  broaden 
slightly  with  decreasing  temperature.  Tlie  temperature 
dependences  of  the  linewidths  are  used  to  deduce  an  upper 
limit  1%)  for  the  amount  of  transferred  spin  density  in 
the  phosphorus  3p  orbital. 
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The  paramagnetic  shift  and  liaewldth  of  the  P NMR  have  been  measured 

for  three  magnetic  polymers  Co[OP(C^Hg>20]2,  Cr [OP (CH^) (C^H^)O] 2OH,  and  Cr(0P- 

(CH^) (C^Hj)0]2[OP(CgHj^2)2®^  300K.  Analysis  of  the  paramagnetic 

shift  as  a function  of  the  static  magnetic  susceptibility  yields  a value  for 

-4  -1 

the  hyperfine  coupling  constant  A 4 x 10  cm  . Previously  measured  and 
calculated  hyperfine  constants  for  an  electron  In  the  3s  and  3p  orbitals  are 
used  to  show  the  paramagnetic  shift  is  due  mainly  to  transferred  magnetic  spin 
density  (wO.1%)  in  the  phosphorus  3s  orbital.  The  linewidths  of  these  materials 
are  approximately  10  Oe  at  room  temperature  and  broaden  slightly  with  decreasing 
temperature.  The  temperature  dependences  of  the  linewidths  are  used  to  deduce 
an  upper  limit  (£  IX)  fot  the  amount  of  transferred  spin  density  in  the  phos- 
phorus 3p  orbital. 
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INTRODUCTION: 


The  family  of  polymers  knovm  as  poly(metal  phosphlnates)  consists  of  metal 

Ions  linked  In  a chaln-llke  fashion  by  phosphlnate  bridges*^  (^Ig.  1).  The 

metal  Ion  In  the  magnetic  polymers  Is  either  a 3d-transltion  metal  or  a member 

of  the  rare  earth  group.  In  addition,  various  organic  side  groups  (denoted  R* , 

2 3 4 

R",  etc.)  can  be  bonded  to  the  phosphorus  atom.  * ’ Systematic  material  science 
studies  show  that  these  organic  side  groups  play  a crucial  role  in  determining 
the  mechanical  properties  of  each  compound. Measurements  of  the  magnetic  sus- 
ceptibility and  the  magnetic  contribution  to  the  heat  capacity  are  consistent 
with  an  antl-ferromagnetlc  superexchange  of  magnitude  11(< | J/k|£30K  between  metal 
lons.^’®  X-ray  studies^’^®  Indicate  the  distance  between  metal  ions  along  the 
chain  is  typically  about  5%.  Thus  magnetic  dipolar  and  direct  exchange  mechan- 
isms will  not  produce  an  interaction  that  Is  large  enough  to  account  for  the 
observed  Weiss  temperatures.^^  Instead  It  Is  more  likely  that  the  exchange 
occurs  Indirectly  through  the  phosphlnate  bridges.  Located  at  the  midpoint  of 
the  bridge,  the  phosphorus  nucleus  Is  Ideally  situated  to  probe  the  delocalized 

spin  density  associated  with  the  superexchange  mechanism.  We  have  therefore 
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measured  the  paramagnetic  shift  of  the  P Nuclear  Magnetic  Resonance  (NMR)  as 
a function  of  temperature  In  three  poly(metal  phosphlnates):  1)  Co[0P(C^H^)20]2, 

CDBP  2)  CrEOPCCHjXC^H^)  0]20H,  Cr  A-type  and  3)  Cr  (OP(CH^)  (CgHj)^ 2lOP(CgH^2)  2°^  ’ 
Cr  C-type. 

X-ray  and  optical  birefringence  studies  have  shown  the  Cr  A-type  to  be 
mostly  amorphous,  whereas  the  Cr  C-type  is  more  regular  with  chain  lengths  of 

g 

hundreds  of  units.  The  CDBP  forms  well  ordered  single  crystals  whose  structure 

has  been  determined. These  relative  differences  In  structural  order  can  be 

associated  with  proportionally  broadened  distributions  of  superexchange  magni- 
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tudes  which  may.  In  turn,  be  reflected  In  the  spectral  linewldth  of  the  P NMR. 


EXPERIMENTAL: 


Several  grains  of  pwder  samples  of  each  of  the  three  materials  was  prepared 

by  the  method  described  elsewhere.  The  copolymer  Zn,  Co  I0P(C„H,  _)-0].,,  x = 0.01, 

l-x  X 8 17  2 2 

was  precipitated  by  combining  0.0200  mole  K(0P(C  H ) 0]  in  50  ml.  of  95“^  ethanol 

o 17  2 

with  0.0099  mole  25nS0^*7H20  and  0.0001  mole  CoSO^"?!!^©  In  50  ml  of  H^O.  It  was 

washed  with  100  ml  of  H^O  before  drying  in  vacuo  at  60* c for  several  hours.  The 
31 

P resonance  was  observed  over  the  temperature  range  from  300-77K  using  pulsed 

NMR  at  10  MHz.  Tlie  magnitude  of  the  applied  magnetic  field  was  determined  by 

observing  the  resonant  frequency  of  free  in  MnBr2" doped  ethanol.  Phosphoric 
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acid  was  used  as  a reference  for  the  unshifted  P.  A boxcar  integrator  was 
used  to  sample  the  free  induction  decay  signal  as  a function  of  applied  magnetic 
field. 

Pulsed  NMR  spectroscopy  is  most  useful  for  determining  resonant  fields.  How- 
ever, the  width  of  the  signal  observed  at  the  output  of  the  boxcar  is  not  directly 
equal  to  the  linewidth  of  the  NMR  absorption.  If  the  NMR  absorption  spectrum  is 
Gaussian  with  half-width  at  half-power  the  envelope  of  the  observed  signal 

(sec  Fig.  2)  Is  also  Gaussian  and  is  approximately  described  by: 


f(H)  a exp 


(H-H 

o 


with  C 


where  t^  and  t2  are  the  times  when  the  boxcar  sampling  gate  opens  and  closes  and 
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H is  the  resonant  field.  In  order  to  extract  the  linewidth  of  the  P reson- 
o 

ance  from  the  data,  we  first  recorded  (The  spectral  width  of  the  sampling  r.f.  is 
less  than  AkHz.)  the  ^^P  spectrum  and  the  spectrum  using  the  pulsed  technique. 


* n 


Since  the  H resonance  was  approximately  1.6  Oe  wide  and  relatively  incense, 
we  were  able  to  record  the  absorption  spectrum  directly  using  CW  methods.  The 
width  of  the  signal  measured  by  the  pulsed  technique  (~7  Oe)  was  divided 
by  the  Llnewldth  obtained  from  the  CW  measurement  (~1.6  Oe)  to  derive  the 
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apparatus  scaling  factor,  C.  This  factor  was  then  used  to  calculate  the  P 
llnewldth  from  our  pulsed  data. 

As  a test  of  the  relative  magnitude  of  the  so  called  "chemical"  shifts 

in  these  materials,  the  NMR  In  poly-{Znj^_^Co^[OP(CgHj^^)20l2} , x “ 0.01, 

was  observed.  Because  this  sample  Is  essentially  diamagnetic,  the  spin-lattice 
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relaxation  time  of  the  P Is  relatively  long,  making  signal  recovery  with  the 
boxcar  Integrator  more  difficult  than  for  the  paramagnetic  samples.  An  effort 
to  Increase  ^ and  narrow  the  line  was  made  by  mixing  the  sample  with  tetra- 
hydrofuran  to  form  a gel.  This  produced  a more  intense  signal  of  width  approx- 
imately 2 Oe,  hopefully  without  substantially  changing  the  local  environment  of 
the  phosphorus.  The  chemical  shift  In  this  diamagnetic  material  at  300K  was 
less  than  one  oerstead,  which  is  much  less  than  the  shifts  observed  In  the 
paramagnetic  materials.  Thus  none  of  the  measured  shift  can  be  attributed  to 
such  diamagnetic  effects. 


DISCUSSION: 

Induced  magnetization  on  a non-magnetic  atom  through  superexchange  is  well 
known  In  many  magnetic  materials.  Superexchange  leads  to  a partial  delocaliza- 
tion of  spin  density  from  magnetic  to  non  magnetic  Ions.  This  transferred  spin 

density  may  then  Interact  with  the  nuclear  magnetic  moment  through  a contact 

12 

hyperflne  Interaction.  The  usual  effective  spin  Hamiltonian  for  this  type 


of  nuclear-electronic  Interaction  Is: 


where  I,  and  are  the  nuclear  g value,  spin,  and  magneton,  respectively. 
The  magnitude  of  the  transferred  spin  deneity  at  a particular  nucleus  can  be 
experimentally  derived  from  the  size  of  the  observed  paramagnetic  shift.  If 
we  replace  S In  the  above  Hamiltonian  by  its  thermal  average  and  assume  that 
the  system  behaves  as  a paramagnet  (high  temperature  and  low  magnetic  fields), 
we  can  show  that  the  shift  of  the  NMR  from  the  free  value  is  given  by: 


The  paramagnetic  shift  is  shown  as  a function  of  temperature  for  all  three 

samples  in  Figure  3.  In  all  cases  the  shift  is  toward  lower  applied  magnetic 

fields.  The  value  of  the  hyperfine  coupling  constant  A can  be  determined  from 

the  slope  of  AH  as  a function  of  the  static  susceptibility  X shown  in 

Figure  4.  For  relatively  high  temperatures,  the  plot  is  approximately  linear 

and  gives  the  hyperfine  constants  shown  in  Table  I. 

Use  of  this  model  of  a partially  transferred  spin  producing  a local 

magnetization  at  the  phosphorus  permits  the  amount  of  spin  transferred  from 

the  magnetic  ion  to  be  inferred  from  the  data.  Atomic  phosphorus  has  valence 

electrons  in  the  3s  and  3p  orbitals.  The  hyperfine  field  of  an  unpaired  elec- 
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tron  in  the  3s  orbital  has  been  calculated  to  be  3.2  x 10  Oe.  Christian- 
14 

sen  has  measured  the  hyperfine  field  for  an  electron  in  the  3p  orbital  and 

4 

found  it  to  have  an  average  (isotropic)  value  of  -1.4  x 10  Oe.  The  latter 
value  is  much  smaller  than  the  3s  (and  negative)  because  the  3p  wave  function 
has  a node  at  the  nucleus  and  the  interaction  arises  mainly  from  core  polariza- 
tion. 


-5- 


Using  Che  magnitude  only  of  the  above  theoretical  and  experimental 
values  for  the  3p  hyperfine  field,  we  deduce  that  several  tenths  of  an  elec- 
tron would  have  to  be  present  in  the  phosphorus  3p  orbit  to  produce  the 
observed  shift.  This  much  delocalization  is  unacceptably  large  in  these 
relatively  ionic  materials.  However,  the  magnitude  and  sign  of  the  shift 
can  be  produced  by  much  more  moderate  amounts  of  transferred  spin  density  in 
the  phosphorus  3s  orbital  as  shown  in  Table  I.  If  we  assume  that  the  super- 
exchange between  metal  atoms  involves  the  traditional  partial  electron  trans- 
fer mechanism  from  the  phosphlnate  bridge  to  the  metal,  then  it  has  been 
shown^^  that  the  shift  of  the  NMR  to  lower  applied  fields  is  consistent  with 
the  sign  of  the  hyperfine  to  the  3s  orbital.  Thus,  we  are  led  to  conclude  the 
observed  shift  is  caused  primarily  by  transferred  spin  density  in  the  phos- 
phorus 3s  orbit. 

The  amount  of  3p  character  in  the  transferred  spin  density  will  determine 
the  amount  of  anisotropy  in  the  paramagnetic  shift.  In  these  powdered  samples, 
the  anisotropy  is  reflected  by  the  llnewldth  of  the  NMR: 

~ Hj^f(3p)X 

where  AHj^  is  the  width  at  half-maximum,  Hj^j(ep)  is  the  anisotropic  hyperfine 
field,  and  X is  the  isotropic  electronic  susceptibility.  Using  the  paramagnetic 
shift  measurements  to  eliminate  the  susceptibility  dependence,  we  obtain; 

HhfOp)  - 

where  H^^(3s)  is  the  observed  value  for  the  Isotropic  transferred  hyperfine 
field.  The  linewidth  at  room  temperature  is  shown  in  Table  II  and  is  nearly 
temperature  Independent.  Comparing  this  field  to  the  value  for  the  3p  field 
from  Christensen's  data  gives  the  amount  of  transferred  spin  on  t’.:"*  phosphorus. 


which  is  given  In  Table  I.  However,  this  estimate  is  most  certainly  only  an 
upper  limit  because  it  assumes  that  the  transferred  spin  density  is  the  only 
source  of  temperature  dependent  linewidth  broadening.  Hence,  the  presence  of 
additional  broadening  mechanisms  would  serve  to  reduce  the  amount  of  3p  spin 
density . 

Closer  examination  shows  the  data  In  Figure  3 to  have  two  rather  inter- 
esting features.  At  high  temperatures,  the  paramagnetic  shift,  when  plotted 
as  a function  of  magnetic  susceptibility,  does  not  appear  to  extrapolate  linear- 
ly through  the  origin,  whereas  at  low  temperatures  there  is  considerable  devia- 
tion from  linear  behavior.  This  contradicts  the  Idea  that  the  paramagnetic 
shift  and  the  electronic  susceptibility  should  both  tend  to  zero  together. 
Instead  a linear  extrapolation  to  zero  susceptibility  gives  an  upfleld  shift 
of  several  oersteds.  This  could  arise  from  a temperature  Independent  spin 

polarization  on  the  phosphorus.  However,  the  existence  of  this  type  of  shift 
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is  contradicted  by  the  P NMR  In  the  diamagnetic  zinc  isomer.  In  this  mate- 
rial, the  unshifted  resonance  at  room  temperature  indicates  the  absence  of  spin 
density.  The  shift  in  the  magnetic  materials  must  therefore  tend  to  zero  at 
high  temperatures. 


The  shift  versus  y plots  can  be  understood  in  terras  of  a slightly  modified 


model  in  which  we  assume  a temperature  dependent  hyperflne  interaction.  In 
Figure  5,  we  replot  the  data  for  Cr  C-type  as  AH/ X versus  X.  If  the  hyperfine 
constant  "A"  were  temperature-independent,  this  plot  would  give  a horizontal 
line  with  the  value  "A".  Instead,  at  low  susceptibility,  the  shift  increases 
at  a faster  rate  than  x then  flattens  out  and  decreases  slowly  with  increas- 


♦ - • 


Figure  4.  The  shift  smoothly  approaches  zero  with  the  susceptibility.  This 
result  is  insensitive  to  the  details  of  the  extrapolation  of  AH/y  versus  y. 
Hence,  with  this  modification  of  the  original  Hamiltonian,  the  measurements 
do  predict  a physically  reasonable  shift  at  high  temperatures. 

A plausible  origin  for  this  temperature-dependent  hyperflne  constant  is 
contained  in  the  following  argument.  Above  150K,  there  is  a progressive  de- 
crease in  the  Isotropic  hyperflne  field  as  shown  in  Figure  5.  This  corresponds 
to  a decrease  in  s-like  spin  density  at  the  phosphorus  nucleus  as  the  tempera- 
ture Increases.  In  the  ground  state,  the  partially  occupied  molecular  orbitals 
of  the  phosphorus-ligand  bonds  are  primarily  hydrldlzatlons  of  the  3s,  3p,  and 
probably  some  higher  energy  orbitals.  Structural  rearrangements  such  as  bond 
bending,  colling,  and  length  changes,  which  are  common  in  polymeric  materials, 
can  be  expected  to  modify  the  occupation  of  these  orbitals.  Thus  there  will 
be  a temperature  dependent  behavior  to  the  relative  occupancy  of  the  3s  and 

3p  orbitals  on  the  phosphorus  and  therefore  a similar  behavior  in  the  hyper- 

31 

fine  interaction  at  the  P nucleus.  Indeed,  the  magnitude  of  the  effect 

observed  in  these  studies  (Fig.  5)  is  surprisingly  large,  suggesting  that  the 

orbital  hybridization  is  a particularly  strong  function  of  the  bond  angles, 

which  may  in  turn  change  with  temperature. 

31 

The  signal  strength  of  the  P resonance  did  not  Increase  with  decreas- 
ing temperature  as  expected  for  a Curie-like  system  of  weakly  interacting 

nuclear  moments.  This  suggests  that  the  NMR  spectral  distribution  is  changing 

31 

with  decreasing  temperature  and  therefore  smaller  numbers  of  P nuclei  con- 
tribute to  the  signal  at  lower  temperatures.  This  is  consistent  with  the 
existence  of  a distribution  of  exchange  values. 


SUMMARY  AND  CONCLUSIONS 
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The  P NMR  of  three  structurally  dissimilar  materials  with  the  same 
number  of  unpaired  spins  has  been  measured  as  a function  of  temperature.  The 
degree  of  structural  disorder  so  prominent  in  x-ray  and  optical  studies  appears 
only  weakly  in  the  observed  line  width.  The  line  widths  were  analyzed  to  give 
an  upper  limit  of  approximately  0.1  percent  for  the  amount  of  transferred  spin 
density  in  the  3p  orbital.  The  shift  in  field  of  the  NMR  was  analyzed  to  give 

values  ranging  from  0.01  to  0.1  percent  for  the  spin  density  in  the  3s  orbital. 

31 

The  lack  of  a Curie-law  behavior  to  the  intensity  of  the  P signal  may  indi- 
cate a redistribution  of  the  spectral  density  associated  with  a broad  distribu- 
tion of  superexchange  Interactions  between  magnetic  ions. 

Finally,  further  studies  of  this  interesting  class  of  magnetic  materials 
must  surely  Involve  single  crystal  NHR  studies  to  determine  more  accurately 
the  relative  spin  densities  in  each  of  the  orbitals  on  the  phosphorus.  This 
will  in  turn  lead  to  a fuller  understanding  of  the  relative  importance  of 
such  effects  as  bond  bending  on  the  distribution  of  exchange  values. 
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TABLE  I 


HYPERFINE  EFFECTS  IN  TOREE  POLY(METAL  PHOSPHINATES) 


Cr  A-tvne 

Cr  C-tvPe 

CDBP 

R ^ = — (kOe) 

2.8  + 0.2 

4.6  + 0.1 

3.4  + 0.2 

A (10  ^cm 

3.1  + 0.2 

5.1  ± 0.1 

4.4  + 0.2 

4 3S  spin  density 

0.09  + .01 

0.14  ± .02 

0.11  ± .01 

il>  3P  spin  density 

2.0  + 1 

1.1  + 0.2 

0.3  + 0.2 

TABLE  II 

LINEMIDTH  ESTIMATES  FOR  THREE  P0LY(METAL  PHOSPHINATES) 

Cr  A-tvne 

Cr  C-tvne 

CDBP 

AH  (EWHM  in  Oe)  13.3  + 0.1 

(T  = 300K) 

10.3  + 0.1 
(T  - 300K) 

9.9  + 0.1 
(T  = 300K) 

16.0  + 0.2 
(T  •«  125K) 

12.6  + 0.2 
(T  = 77K) 

10.5  + .1 
(T  = lOOK) 
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Figure  1 


Figure  2 


Figure  3 


Figure  4 


Figure  5 


Molecular  structures  for  various  polyCmetal  phosphlnat es) , (a)  Is 
the  structure  for  the  Cr  C-type,  (b)  denotes  the  Cr  A-type  (note 
the  hydroxyl  bridge)  and  (c)  is  the  characteristic  1-3-1  scheme 
for  the  zinc  and  cobalt  polymers  (CDBP  and  the  copolymer). 

31 

(a)  The  NMR  signal  of  P observed  in  the  Cr  C-type  polymer  at 
the  output  of  the  boxcar  integrator.  "f(H)"  Indicates  the 
envelope  of  the  signal. 

2 

(b)  A plot  of  l>n  f(H)  as  a function  of  (H-Ho)  . The  straight 
dashed  line  Is  a theoretical  Gaussian. 

31 

- The  paramagnetic  shift  of  the  P NMR  as  a function  of  tempera- 
ture for  all  three  materials. 

31 

- The  paramagnetic  shift  of  the  P NMR  as  a function  of  static 
magnetic  susceptibility  for  all  three  magnetic  polymers.  The 
solid  line  is  a theoretical  extrapolation  (see  text). 

- The  ratio  of  the  paramagnetic  shift  divided  by  the  static  mag- 
netic susceptibility  plotted  as  a function  of  the  magnetic 
susceptibility  for  the  Cr  C-type  polymer.  The  straight  line 
represents  one  possible  extrapolation  of  the  data. 


( emu  /mole  ) 

Figure  4 
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